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FORWARD

Thisz report presents a comparison between a simplified equation
for stagnation point heat transfer and the experimental results of an
investigation on heating rates to cylinders and spheres subjected to
flame impingement from a 1/10-scale model of an Atlas vernier engine,
carried out under contract No, AF=-OL(645)-k,
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NOMENCLATURE

A = cross sectional area of calorimeter

¢ = specific heat of material

Cp = specific heat of gases at constant pressure
D = bedy diamster

De = diarr.let,er of nozule exit

g = gravitaticnal constant

h = enthalpy

k = conductivity of material

K e retio of densities across a nomal shock

P = pressure

q = heat transfer rate

R = universal gas constant

r = radius of body

s = outside radius of shell

in = inside radius of shell

T = temperatire

t = thickness

Teq = equivalent thickness defined by Eqs.(37)or (38)
Ue = velocity at the outer edge of the boundary layer
w = weight of calorimeter

x = distance along centerline measured from nozzle exit (Section III)

X = distance along surface of body (Section I)

EM N0 A.702.1
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Oreek Symbols

of = %c thermal diffusivity of material

(T Tw) = function given by Eq. (8)
v — function given by Eq. (14)

/s

A = function given by EBq. (17)

- ratio of specific heats
- angle between radius vector and centerline of body

- constant in the temperature-viscosity relation

- angle about the axis of body
- density of gas or material
- time in sec,

14

6

X

M- viscosity in 1b/sec. ft
E

4

T

y |

= fraction of heat losses by conduction to total heat input
qtéia/ ¢ at 'I‘“‘ = §20°R

Subscripts

O
]

chamber

~
§

conduction losses

S = at the stagnation point, also stagnation conditions, unless otherwise
noted.

t - total

W - wall conditions

<X = conditions ahead of shock

s = evaluated at a reference temperature

FORM NG A-702-1
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‘the case of dissociated air, is next transformed by using the perfect gas
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SUMMARY

A review of the available theoretical expressions on the velocity gradient

at the stagnation point of a cylinder or sphere, (an important parameter .
in stagnation point heat transfer) discloses no appreciable discrepancy

between the various theories, The equation of Fay and Riddell, derived for

law and the available data on the viscosity-temperature relation of the
exhaust gases of the vernier engine, A simplified equation giving the heat
transfer rate as & function of the body diameter, the Mach number ahead

of the shock, and the stagnation or chamber pressure is thus obtained,

As a test of the validity of this procedure, the incompressible flow equation
given by Sibulkin is modified by the incorporation of the reference tempera-~
ture method of Eckert. This is compared with the previous resuvlt. The
maximum deviation of this result from that previousiy determined is found

to be less than L percent.

In Section II, two principal sources of error in the experimental data,

the error due to the curvature and thickness of the calorimeters and that

due to conduction losses, are discussed, and a method for the elimination of
these errors is given, It is also shown here that the discrepancy between
theory and experiment, with regard to the variation of the heat transfer

rate with wall temperature, can be explained easily when the conduction losses
are taken into account,

In Section III a comparieon is made between the theoretical and experimental
results, It is found that the adjusted experimental values are in good
agreement with the theoretical curve, while the unadjusted data deviate-
appreciably in the region of low heat transfer (high Mach number) of the
Jet, where the conduction losses become important,




///‘,

!

‘ reronr AZR=006
CONVAIR uASTRC NAUTICS page L

2 April 1959

r

I THEORETICAL HEAT TRANSFER RATES

1l - Velocity Gradient at the Starnation Point of a Blunt Body

The velocity gradient at the outer edge of the boundary layer near
the stagnation point is reouired in order to compute the heat transfer
rate as shown in Section 2 below, A number of available theoretical
treatments give approximately the same value for the velocity rradient.

L. Lees and Fay & Riddell (Reference 1) use the hypersonic or New-
tonian flow approximation which leads to the expression

due) _ 2/
\dx’s T DY e (1)
Using the perfect gas law this equationtakes the f om

dusy _ 2z J/2gT,
(;‘;)S“ D V2RT, (1a)

Hayes (as reported in Reference 2) gives an e xpression for the
velocity gradient in terms of K , the density ratio across the normal shock:

(.(.J.u-ﬁ) & Z,U.a \[;—

dx s D (2)

Using the definition of the speed of sound and expressing k in terms of the
free stream Mach number one obtains, after some manipulation,

Aul Z V/ 7R

= Ts
(o‘x s T+ (2a)
Finally, Li and Geiger (Reference 2) give a modified expressicn

Al‘c = _Z_E_f =
(.dx ' 5 \/ £ (2-K) 58

After some manipulation this equation can be put in the following form: |

du
e - T=1 -
(d)( $ B D ¢1'+| Z(T...l) (T"") m] \/ZRT (33)
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Eqs (2a) and (3a) are of the eame form as Bq. (1la) except for a
small factor which for¥ = 1,267 is equal to 1,055 in the case of Eq. (2a),
and 1,015 in the case of Eq., (3a) with M=5., These equations are plotted
in Figure 1. Since the velocity gradient sppears as a square root term
in the heat transfer equation, the discrepancy in using any one of the above
equations will be small.

2 . Simplified Heat Transfer Equation for a Perfect Qas

Fay and Riddell (Ref. 1) give an equation for heat flux to the stagna-
tion point of a body of revolution in dissociated air which, for Prandtl
number equal to 0,71, is

?-0.914 (P“’/““ (p,# (/7 /7.,)\/ a’llc

Recently, Beckwith pointed out that the shove equation also correlates the
results of perfect-gas solutions, provided that Sutherlands formula for
viscosity is used.

Equation (4) takes the following form, after multiplication and division
by 00,;@) ‘and substitution of Eq. (1la)

’ Y R %
?a 0.‘74/@ (_&2‘;_";) l/Psf“-x ('/),-/).«) (2?/?7;) (5)
D )

Using the perfect, gas law and considering that the pressure, p, is constant
across,and at the outer edge of the boundary layer, one obtains

g 12 ﬁ'Z /7‘ B (T = o T )(257T)

or, grouping all the terms that depend on the temperatures, Ty and T,, ,
?:.— N(Zs-;n}__f (7)

YD
where

)
AT T)=13 (L2 )/4——7(% -G %) (238%)7 (g
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For hypersonic flow the value of pis given approximately by

~ ‘,./4L
S (9)
where,frcm the one-dimensional flow relations
Pe
P Y- (10)
(l + t'il M:) 4
therefore ,
p z _AF Met 7. (11)
(1+ ¢ ML) T
Eq. (7) then bacomes, after substitution of Eq. (11),

= ‘r = 2
? )/— (I+LM‘) ;-(f') See, M
or if p, is given in lbs/in ,and D,in inches

9= «'Vyn M (i N (13)
I

where

&' = 1492510 x (1)

For f=1.,267 and [ = 3.7 psia, q becomes a function of Mach number
and diameter only,

= &= ! M“’ (D Ind)(s) (15)
7 VD (1+ 01335 M, ’)2 S

where " 6
& = 3,13 x 10 o §

%
- 6 u 7) (23 €7,
w16 x 100 (4eE ) I/ 5 (60T - Cpue) (23€7) (16)
in a ulightly different fom ,

A= 1,18 x 107{/“ (RT) (‘ﬁr &) (17) |

P — e oo
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Eq. (17) is plotted in Fig. 2 for a range of values of T, using Tg 28 a

parameter, and the available values of viscosity and specific heat of the
exhsuat gases. It is noted from this equation that the effect of wall
temperature on the heat tranafir rate is contained in the temperature gradient
term, the term (u«%/4,75 ) *" being insensitive to a variation of Ty of a
few hundred degrees, Thus, in the range of Ty, * 600 -900°R and Ty « 5000 -
60G0°R, Eq. (17) can be simplified to the fol‘fowing equation, accurate to

+ 1,5 percent:

o= 3.65 x 10° (Cpys =Cowlw ) (18)

and the heat transfer rate, from Eq. (15), becomes

{ 0 P‘._'547psm
: _eu T To  600-900%
73 3";:./0 M“ M* 7.7 ((PJZ e ) 2 |Zu 6000-Go00° 19)
VD (1404335 M,) e el

For T, = 5500°R, T, = 620°R, gnd using the corresponding values for u and
, one finds ¢{"= 9.55 x 10° , so that

Cp
P =347 psia
‘ 7:s S500°R
? . 2550 Mo T T.= ¢20 *R (20)
VD (1+01338 ){,) : B 7 soeliteg

The above equations apply to the case of a sphere. For the case of a
cylinder, the equivalent equations are obtained by dividing by V2,

] - %omparison with the Equation Obta.ned by the Reference Temperature
ethod,

It has been sugrested that the incompressible stagnation point heat
transfer equation given by Sibulkin can be used for compressible flow pro-
vided that the gas properties are evaluated at a reference temperature
given by Eckert. (See Ref., 3). Thus, the modified equation is

for = 350 VER (h=he)/(F0)s |

(21)

which for E- = 0,71 becomes

?nf. = 0935 V (’}t' (/75"/’~) V((M%/X)s (21a) ‘
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where the reference temperature is computed {rom the simplified equation |
o
T =3 (T * T ) (22)

Comparison of Eqs, (21a) and (L) gives

Frit Vv er (23)

7 (&) Ve |

014

Using the perfect gas relation, p= eRT , Eq. (23) may be modified
as follows:

a5 Ts (2L)

A temperature - viscosity relation of the form

. F |
-—-‘- = K ==
g 7 (25) |

may be assumed, and Eq. (2L) becomes I

frt Vx 7
| — = . 7 o/
f = %)

. ¢
e =) (26)

L 4

FORM NO A-202-
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A value of W= 0,62 to 0,68 was obtained from the viscosity temperature
data of the exhaust gases in the range of T,, = 620 - 900°R. Using this
value of xin Eq, (26) the ratio of the heat transfer rates given by the
two equations was found to vary slightly from unity

frt _ ro2s £ 1038
7

Thus Eqs. (21a) and (L) give approximately the same heat transfer rate,
Values obtained from Eq, (21) have been plotted in Figure (5).

FORM %0 & 702-1
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II ANALYSIS OF THE EXPERIMENTAL RESULTS :

1 - QGeneral Equation of Heat Conduction in the Calorimeter

v

The differential equation for unsteady-state heat conduction in .
spherical coordinates is

c) a7 sl é_.. ;
darr c'[F'zarr ) r’ml’“(n ;3’)+ rsmé 0%~ ](27)

Assuming that all derivatives of T with respect to & and § are not functions :
of integrating with respect to ¥, and using the boundary condition “%rso
at r=r,, one obtainsg the temperature gradient at the outer surface,

r=r .,
OT) o Gl-va 9T _ fifa 2 (5.6 T |
or s 3> 2T rRtsiné d@ 20 (26)
The heat transfer rate is then given by :
3 3 o
-15. dT'
g1 = —k/6Ty o —pc fizrn 8T L k Kl 2 (sinb 2!
[ ]srhuc ( ) F 3g> T ) r*sind d9< (29)

The corresponding equation for heat transfer to a cylinder is found in a

similar manner starting from the differential equation in ecylindrical coordi-
nates

— -

(30) :

Thus

g EinT OT 4 k2T lys
[#lg= -6 2 L+ 5 S TG (31) 1

The first term on the right hand side of Eqs, (29) and (31) represents the
heat storage in the shell element and the second term , the conduction away
from the element, When the sixe of the element is taken equal to the size
of the calorimeter this second term represents the heat losses by conduction,

M KO A 7070
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2 = Correction for the Thickness and Curvature of the Calorimeter

The equation used in computing the heat storage in the calorimeter from L
the experimental temperature-time curve is: ,
\
W ¢ dT ]

?Jt&xp. N A ar (32)

This equation applies strictly to the case of a flat plate, For a
calorimeter having the form of a spherical shell the storage term in Eq, (29)

appliess
3 3
Guath = €¢ Bl AT (33)
305 AT
or (33a)
= c 4 ..‘?.l_-T
?J(.M # th
where g PP (3L)
[4

P S
3>
which can be put in the form

;= pet A Ty AT W dT /2
fuw =€ ¥ 4r "7 ‘& (f') (35)

?.Nﬂ > ( —t") 7# exp, (36)

Eq. (36) applies also to the case of a cylindrical shell element; however
for a sphere, one finds, after some manipulation of Eq. (3l),

Tl &
(3] = /- £+3 5 (37
whereas, for a cylinder, using the storage term- of Eq. (31),
& ?
R = TR 1
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Eqs, (37) and (38) are plotted in Fig, 3. It is seen that for the values
of %, ® 0.20 or 0,267 of the test models ( t=a/ /G =4%"or ¥a ) the deviation
from the flat plate equation, Eq. (32), is appreciable,

3 - Correction for Heat Losses by Conduction

To compute the losses by conduction a knowledge of the surface tempera-
ture distribution is required, Since no experimental values are available,
a temperature distribution of the form

7w Ty cor ¥ . (39)

may be assumed, This distribution checks well with experimental values
obtained by the NACA at a Mach number of six, and for small values of
& (For a calorimeter digmeter of 0,128" and a sphere diameter of 3/L",
& is approximately 9.6 degrees) The temperature derivative, appearing
in the conduction term of Eq. (29) is found from Eq., (39)

2 4 (5/0«9 ) w2 Ty cosb = - 2T

snb 6 (40) .
]
and the hest loss, using the conduction term from Eq. (29), is
7[ = -2 k?‘_t" Tio's (-’PI""‘) (L)
The above equation and the temperature distribution given by Eq., (39) are l

strictly valid for a homogeneous sphere. In the case of a calorimeter
material different from the model material Eq., (L1) can be used for esti-

mating purposes, with the value of 4 for the sphere material. The validity i
of this assumption is demonstrated by an indirect approach in Section L
below,

For the case of the cylinder.

ar = = Ty cosb = — Ty (42)
A6
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and

9, = _é/_ Tas AN (&) ( cylinder) 4y

4L = Effect of Conduction Losses on the Heat Transfer Rates at Different
Wall Temperatures.

The large discrepancy between experimental results and theory with
respect to the varietion of the heat transfer rate with temreratvre, ehown
in Fig. 1, page 5 of Reference L, can be accounted for by including the
heat losses by conduction, The tutal heat transfer from the gas to the
sphere at the stagnation point, for wall temperatures of 6D °R and Tug 18

respectively

?{620 = ?u,acaa + 7(::0 (L)

D, = JerT T Jlr (LS)

From Eq. (L1) it is seen that the heat losses are proportional to the
temperature and therefore

Tas — 460
Hray = s fle2o (L6)

Moreover from the theoretical heat transfer resulte

o Ta—= Ty
o+ BT %

Combining Eqs. (LL) and (LS) substituting Eqs. (L6) and (L7) and rearrang-
ing one obtains

?enyJIv, - Ti-¢cae /60 (L8)
76:,.(;0 / - X

7 — ilclo (h9)

FORM NO A.762.
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Eq. (48) plotted in Fig, 4 for X= 0, 0.10, 0.15

To .ietermine the value of X for the conditions of Fig, 1 of the above 5
mentioned report, the heat loss was computed from Eq, (L1) to be_0.71 x 10
Btu/hr £t and fe vas found from theory at %De® 11 to be L.6 x 10° 8o that
X = 0,15, The experimental curve is also plotted in Fig, L as a dashed line,
' It coincides with the theoretical curve for % = 0,15, which is the same as
the computed value, This agreement indicates that the use of Eq. (Ll1) for
computing losses is justified. The use of the conductivity of the sphere

material (steel) may also be justified from the fact that the conductivity
of the calorimeter material (copper) is much larger,

——-
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III CORRELATION OF THEORY AND EXPERIMENT

The experimental results reported in Reference (7) must be corrected for
the errors dizcussed in Sections 2 and 3. Using %Z,cie to denote the data
as reported, the adjusted heat transfer rate is given by.

Yogr = (34) Gepero * frese (50)

For a 3/l in-diameter sphere with shell thickness r=0,10 in. this equation
becomes

?‘,Jj = 076 ?“/.‘u + 71, 000 (50a)

The experimental points, thus adjusted, are plotted in Fig., 5. The data

on models with insulated calorimeters has been adjusted only for the error :
due to curvature. The simplified equation, Eq., (20) in Section I, has also
been plotted in this figure using the variation of M with ¥n (See Ref. 5)
shown in the lower portion of the curve. The agrzement between theory and
experiment is scen to be satisfactory. The experimental points have also
been plotted in Fig., 6 without any correction and compared to the theoretical
results, It is seen that heat losses cause an appreciable error at the
high=Mach-number portion of the curve where the heat input is low, The test
results on a 3/4" cylinder are plotted in Figure 7 along with a plot of values
of ¢ obtained from Eq., (20) divided by ¥2, The experimental points are
plotted as reported in Reference (6) without any correction for the curvature
and thickness of calorimeter and/or for conductiori losses, From Fig., 3 TZe/¢
is approximately equal to 0.87, for a cylindrical shell element, However, the
calorimeter used was circular and this correction cannot be made with cer-
tainty., Moreover a uniform constant was used for all calorimetersin reducing
the experimentel data, even though this constant was expected to vary slightly
with each calorimeter. The heat loss cogputed from Ea. (43) at a wall
temperature of 620°R is 41,000 Btu/hr ft°, This correction willmise the
values of the experimental points at high Mach numbers, and give a better
agreement with the theoretical curve. It is emphasized that corrections

for curvature and heat conduction have not been applied to the data presented
in Fig. 7.

Finally, it should be pointed out that, in view of the appreciable
rarefaction of the jet at a Mach number of 10 or higher (See Fig, A=2 p. U6 |
of Reference 8), slip-flow effects will tend to reduce the heat transfer rates
to cylinders and spheres, and the theoretical curve is not strictly applicable
beyond this Mach number. From Fig, D=l (p. 71) of this reference it is
estimated that there will be a 15 percent reduction in the average heat
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trarsfer rate to & 3/L" sphere at M = 10,5, Thus, the experimental results
in this rarefied region should be expected to be somewhat lower than the
theoretical curve,which was based on continuum-flow theory.
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